Thermogenesis in brown adipocytes, conferred by mitochondrial uncoupling protein 1 (UCP1), is receiving great attention because metabolically active brown adipose tissue may protect humans from metabolic diseases. In particular, the thermogenic function of brown-like adipocytes in white adipose tissue, known as brite (or beige) adipocytes, is currently of prime interest. A valid procedure to quantify the specific contribution of UCP1 to thermogenesis is thus of vital importance. Adrenergic stimulation of lipolysis is a common way to activate UCP1. We here report, however, that in this frequently applied setup, taking control over intracellular fatty acid levels is essential for the analysis of thermogenic function in cultured brown and brite adipocytes. By the application of these findings, we demonstrate that UCP1 is functionally thermogenic in intact brite adipocytes and adrenergic UCP1 activation is largely dependent on adipose triglyceride lipase (ATGL) rather than hormone sensitive lipase (HSL).
Introduction
Mammalian adipose tissues are conventionally classified into two distinct types: white adipose tissue (WAT) and brown adipose tissue (BAT). The former stores energy as triglycerides, whereas the latter directly dissipates the chemical energy of fatty acids as heat through uncoupling protein 1 (UCP1) [1, 2] . Interestingly, UCP1-expressing brown adipocyte-like cells (brite, "brown-in-white", also termed beige adipocytes) develop in typical WAT in response to cold exposure, b3-adrenergic receptor stimulation and PPARc agonist treatment in a process termed "browning" of WAT [3] [4] [5] [6] [7] [8] [9] . Based on their energy dissipation property, brown and brite adipocytes represent putative therapeutic targets for the treatment of obesity and diabetes [10] [11] [12] . This scenario is further strengthened by the recent finding that brown and brite adipocytes are present in humans [13] [14] [15] [16] [17] .
Non-shivering thermogenesis of brown adipocytes is conferred by mitochondrial uncoupling protein 1 (UCP1), which upon stimulation uncouples respiration from ATP synthesis and dissipates energy as heat [1, 2] . UCP1 is constitutively inhibited by high concentrations of cytosolic purine nucleotides (i.e. GDP, GTP, ADP and ATP), but upon adrenergic stimulation of the cell, this inhibition is overcome by free fatty acids (FFAs) interacting directly with UCP1. Norepinephrine released from the sympathetic nervous system activates adrenergic receptors of brown adipocytes, which in turn stimulate the cAMP-dependent protein kinase PKA, leading to phosphorylation of hormone sensitive lipase (HSL) and thereby increased lipolysis. FFAs released by lipolysis serve both as activators of UCP1 and fuel for thermogenesis [18] . Adipose triglyceride lipase (ATGL) plays an essential role for the hydrolysis of triglycerides [19] , and fatty acids released by phospholipases in the inner mitochondrial membrane have also been suggested to contribute to UCP1 activation [20] , but the role of these lipases for the activation of UCP1 in brown and brite adipocytes has not been addressed.
Much effort has been invested into the development of assays quantifying UCP1-mediated uncoupled respiration in isolated mitochondria [21] [22] [23] [24] . While this easily controllable system has many advantages, it is limited by artifacts associated with mitochondrial isolation, disruption of the intricate mitochondrial network integrity, lack of the native intracellular environment, and the large amount of cells or tissue needed for optimal yield and quality. A major goal of current bioenergetic research is thus the development and application of techniques to quantify mitochondrial function and cellular bioenergetics in cells [25] . One such technique, microplatebased respirometry, was developed to be used with cultured cells attached in a monolayer to a multi-well tissue culture plate and is now the preferred method to quantify UCP1-mediated leak respiration in cultured brown and brite cells [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . From a historical perspective, albumin which acts as an acceptor of fatty acids must be used in the respiration medium for quantifying UCP1-mediated uncoupled respiration (for details see Supplementary Text S1). However, in the respiration buffer used by microplate-based respirometry, albumin is absent. Notably, no studies have been performed so far to validate this setup with cultured UCP1 knockout (KO) cells as the ultimate model to test the causality between uncoupled respiration and presence of UCP1. This relationship seems to have been taken for granted. It remains to be demonstrated that UCP1 is functionally thermogenic in intact brite adipocytes.
Here, we report that uncoupled respiration as measured in published protocols is not mediated by UCP1, since cultured primary adipocytes (both brown and brite) from UCP1 WT and KO have identical respiration profiles. We demonstrate that fatty acidinduced activation of UCP1 is a prerequisite for quantifying the UCP1-mediated leak respiration. In addition, when UCP1 is activated by stimulation of lipolysis, it is essential to take control over intracellular FFA levels to measure UCP1-mediated leak respiration in cells. Otherwise, an excessive rise of intracellular FFA levels released during lipolysis masks UCP1-mediated leak respiration through unspecific protonophoric action of FFAs and opening of the mitochondrial permeability transition pore (PTP) in both brown and brite adipocytes. Taken together, our studies provide critical guidelines for analyzing UCP1-mediated thermogenesis in intact brown and brite adipocytes.
Results and Discussion
Activation of UCP1 is a prerequisite for quantifying UCP1-mediated leak respiration in cultured primary adipocytes
To verify whether UCP1 is innately inactive within intact cultured primary brown and brite adipocytes, we compared the respiration profiles of UCP1 WT and KO cells without any (pre)treatment to activate UCP1. After determination of basal respiration, oligomycin, an inhibitor of adenosine triphosphate (ATP) synthase, was added to distinguish oxygen consumption used for ATP synthesis (coupled respiration) from proton leak (basal uncoupled respiration). Next, we employed the uncoupling agent carbonyl cyanide 4-(trifluoromethoxy) Finally, antimycin A was added to block the electron transport chain, leaving only non-mitochondrial oxygen consumption ( Fig 1A  and C) . We observed no differences in any of these four different respiration states between WT and KO in both brown and brite adipocytes, confirming UCP1 is inherently not leaky without stimulation (Fig 1B and D) . Of note, this lack of differences was observed irrespective of the presence or absence of UCP1 in WT and KO cells, as confirmed by Western blotting ( Supplementary Fig S1) . Thus, without activation of UCP1, respiration measurements cannot reveal the consequences of absence or presence of UCP1 in a cell, although this setting is widely used in the literature, for example, to characterize white versus brown or brite adipocytes [26] [27] [28] [29] 35] . In these studies, the reported differential respiration between cell types is not due to UCP1 but rather reflects differences in mitochondrial content.
Free fatty acids mask UCP1-mediated leak respiration
A frequently employed method to activate UCP1 is to stimulate the intracellular signaling cascade controlling lipolysis. In our protocol, basal respiration was measured first succeeded by inhibition of coupled respiration (oligomycin) to determine basal leak respiration. Next, UCP1 was activated by FFAs released via b-adrenergic stimulation of lipolysis with isoproterenol (ISO), and the increase in UCP1-mediated leak respiration was measured.
The maximum respiration rate was determined after adding the uncoupling agent FCCP. Finally, injection of antimycin A served to correct for non-mitochondrial oxygen consumption. Employing this protocol, ISO gradually increased respiration to a peak attained after 30 min (Supplementary Fig S2) . Since 0.5 lM ISO was as potent as 1 lM, this concentration was chosen for further experiments.
We next evaluated our protocol with UCP1 KO primary brown and brite adipocytes. In contrast to the established model of UCP1 regulation, we found ISO-induced leak respiration to be identical in brown and brite adipocytes from both WT and KO mice (Fig 2) . Thus, the ISO-induced leak respiration was completely independent of UCP1. Results were similar when we used a higher concentration of ISO (1 lM) or an alternative adrenergic agonist (CL-316,243, 1 lM) or dibutyryl cyclic AMP (db-cAMP, 0.5 and 1 mM) instead 
(data not shown). Notably, the rate of UCP1-independent leak respiration could not be further increased by FCCP, indicating that mitochondria were already fully uncoupled. In adipocytes, FFAs liberated by lipolysis are either released into the extracellular space or accumulate in the cell serving both as substrates of b-oxidation and as activators of UCP1. In vivo, extracellular FFAs are scavenged by albumin in the blood stream. In vitro, without any extracellular fatty acid acceptor available, FFAs accumulate to high concentrations in cells and may induce unspecific uncoupled respiration as evidenced in human adipocytes [36] . Using brown adipocytes from KO mice, we tested the hypothesis that ISO-stimulated UCP1-independent leak respiration is due to FFA liberated by lipolysis. We therefore inhibited adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) by pretreatment of cells with Atglistatin [37] and Hi 76-0079 [19] , respectively. This combination of inhibitors, known to almost completely block (À95%) lipolysis [19] , abolished ISO-induced UCP1-independent leak respiration (Fig 3A and B) , confirming that this phenomenon depends on lipolysis. To further explore whether the released FFAs were responsible for unspecific mitochondrial uncoupling, we mimicked lipolysis by adding 0.2 mM palmitate-BSA to the medium. Indeed, exogenous fatty acids induced leak respiration independent of UCP1 to a similar extent as treatment with ISO (Fig 3C and D) . Taken together, FFAs are the effectors of UCP1-independent uncoupling.
Opening of the mitochondrial permeability transition pore (PTP) participates in ISO-induced, UCP1-independent leak respiration
The ability of FFAs to uncouple mitochondrial respiration has been known for decades [38, 39] . Besides their conventional protonophoric action based on flip-flop-mediated proton translocation by FFA inserted into the inner mitochondrial membrane [40] , the involvement of PTP has been suggested [36] . The PTP is a high conductance channel spanning both mitochondrial membranes and opening leads to an increase of unspecific permeability which is a common feature of apoptosis. To determine whether the mitochondrial uncoupling mediated by PTP opening is also responsible for ISO-stimulated UCP1-independent leak respiration in brown and brite adipocytes, we pretreated primary brown cells with the specific PTP inhibitor cyclosporine A (CSA). We found that a significant portion of ISO-induced leak respiration was inhibited by CSA (Fig 4) , demonstrating involvement of PTP opening. In any case, the functional data on brown adipocyte thermogenesis previously published must be revisited as they most likely do not reflect UCP1 activity but rather represent unspecific FFA-induced leak respiration [8, [32] [33] [34] [41] [42] [43] .
Specific measurement of UCP1-mediated uncoupled respiration is enabled by scavenging of free fatty acids with bovine serum albumin (BSA)
To discriminate the specific contribution of UCP1 to brown adipocyte thermogenesis from other leak respiration mechanisms, we took control over the accumulation of FFAs by adding essentially fatty acid-free BSA to the respiration medium. It is known that the intracellular accumulation of FFAs can be controlled by varying the extracellular BSA concentration [44] [45] [46] [47] [48] . The ISOstimulated leak respiration was significantly diminished when scavenging extracellular FFAs released by lipolysis with BSA in a dose-dependent manner in both primary brown and brite adipocytes ( Supplementary Fig S3) . Since 2% BSA was as effective as 3% in blocking the unspecific leak respiration induced by FFA, we conclude that these are optimal conditions to examine specific, UCP1-mediated leak respiration. Of note, the inhibitory effect of BSA on ISO-induced leak respiration is much more prominent in UCP1 KO cells, leading to significant lower levels of uncoupled respiration compared to WT cells in both brown and brite adipocytes (Fig 5) . The difference in uncoupled respiration between WT and KO cells can be considered UCP1-mediated leak respiration.
We conclude that control over the intracellular fatty acid levels is essential for the analysis of thermogenic function in brown and brite/beige adipocytes and allows to specifically measure UCP1-mediated leak respiration. Employing this new protocol, we reproducibly quantified the UCP1-mediated component of uncoupled respiration in both brown and brite adipocytes. Importantly, brite adipocytes clearly resembled classical brown adipocytes in that they were thermogenically active in response to adrenergic stimulation. This uncoupled respiration was specific for the activity of UCP1. To our knowledge, this is the first report demonstrating that UCP1 is functionally thermogenic in intact cultured brite adipocytes. By applying this protocol, we recently revealed that strain differences in brite adipogenesis are associated with differential uncoupled respiration [49] .
UCP1 activation largely depends on ATGL
It is generally accepted that lipolysis plays an important role in UCP1 activation although this concept has not been formally tested. ATGL and HSL are key enzymes involved in lipolysis. To determine the relative importance of these lipases for UCP1 activation, we compared the ISO-induced UCP1-mediated uncoupled respiration of brown adipocytes pretreated with either Atglistatin or Hi 76-0079 or both in the presence of 2% BSA. Lipase inhibition impaired ISOinduced respiration (Fig 6A) . The effect of ATGL inhibition (80%), however, was much more pronounced compared with HSL inhibition (35%), demonstrating that UCP1 activity was largely dependent on ATGL rather than HSL (Fig 6B) . Of note, combination of inhibitors led to an almost complete block (97%) of ISO-induced respiration, indicating a negligible contribution of phospholipases [20] , previously implicated in UCP1 activation.
In summary, we report that meaningful respirometric measurements of cultured brown and brite adipocytes imperatively require A B Figure 4 . Uncoupled respiration in the absence of UCP1 is partially due to gating of the mitochondrial permeability transition pore (PTP).
A Representative time course of oxygen consumption rates (OCR) of primary brown adipocytes from knockout (KO) mice. Adipocytes were pretreated with the PTP inhibitor cyclosporine A (CSA) (5 lg/ml, 72 h) or vehicle prior to bioenergetic profiling. B A significant portion of ISO-induced respiration is inhibited by CSA pretreatment.
Data information: All data presented are mean values AE SEM (N = 3). Yongguo Li et al Measuring UCP1-mediated leak respiration in cells EMBO reports (i) activation of UCP1 and (ii) control over free fatty acid levels. By application of these findings, we demonstrate that UCP1 in brite adipocytes is thermogenically functional in a similar fashion as in brown adipocytes, with activation being largely dependent on adipose triglyceride lipase (ATGL).
Materials and Methods
Detailed methods can be found in Supplementary Materials and Methods.
Animals and primary cell culture
Male 129S1/SvImJ mice (UCP1-KO mice and wild-type littermates), aged 5-6 weeks, were used to prepare primary cultures of brown and brite adipocytes. Adipocyte differentiation was induced by treating confluent cells in DMEM medium (D-glucose, 25 mM) containing 10% fetal bovine serum (FBS), 0.5 mM isobutylmethylxanthine, 125 nM indomethacin, 1 mM dexamethasone, 850 nM insulin, 1 nM T3 and 1 lM rosiglitazone. After 2 days of induction, cells were maintained in differentiation media (10% FBS, 850 nM insulin, 1 nM T3 and 1 lM rosiglitazone).
Respirometry
Oxygen consumption rate (OCR) was measured at 37°C using microplate-based respirometry (XF96 extracellular flux analyzer, Seahorse Bioscience). For detailed experimental procedures, see Supplementary Materials and Methods. After the completion of an assay, the microplate was saved and protein was isolated for UCP1 phenotyping. All data presented are mean values AE SEM of three independent experiments with 8-12 replicate wells each.
Statistical analysis
Significant differences between two groups were assessed by twotailed Student's t-test (Prism 6.0 software). A P-value < 0.05 was considered a statistically significant difference. A Representative time course of oxygen consumption rates (OCR) of primary brown adipocytes from UCP1 wild-type (WT) mice in the presence of 2% BSA. Adipocytes were pretreated with 40 lM Atglistatin (ATGL inhibitor), 40 lM Hi76-0079 (HSL inhibitor) or both before bioenergetic profiling. B The effect of ATGL inhibition on ISO-induced respiration was much larger compared to the effect of HSL inhibition.
Data information: All data presented are mean values AE SEM (N = 3).
